A number of applications of analysis of human Y-chromosome microsatellite loci to human evolution and forensic science require reliable estimates of the mutation rate and knowledge of the mutational mechanism. We therefore screened a total of 4,999 meioses from father/son pairs with confirmed paternity (probability у99.9%) at 15 Ychromosomal microsatellite loci and identified 14 mutations. The locus-specific mutation-rate estimates were , and the average mutation rate estimates were (95% confidence interval [CI] 53 53 0-8.58 # 10 3.17 # 10 1.89-) across 8 tetranucleotide microsatellites and (95% CI ) across all 15 -3 53 53 4.94 # 10 2.80 # 10 1.72-4.27 # 10 Y-chromosomal microsatellites studied. Our data show a mutational bias toward length increase, on the basis of observation of more repeat gains than losses (10:4) . The data are in almost complete agreement with the stepwisemutation model, with 13 single-repeat changes and 1 double-repeat change. Sequence analysis revealed that all mutations occurred in uninterrupted homogenous arrays of у11 repeats. We conclude that mutation rates and characteristics of human Y-chromosomal microsatellites are consistent with those of autosomal microsatellites. This indicates that the general mutational mechanism of microsatellites is independent of recombination.
Introduction
Reliable estimates of the mutation rates of Y-chromosomal microsatellites are a prerequisite for dating the origin of Y-chromosomal lineages defined by single-nucleotide polymorphisms (SNPs), as attempted in molecular-anthropology studies (e.g., Zerjal et al. 1997; Bianchi et al. 1998; Lahermo et al. 1999) . The knowledge of mutation rates is also necessary for the accurate interpretation of Y-chromosomal microsatellite data in paternity testing and forensic casework (Jobling et al. 1997; Kayser et al. 1997) . For autosomal microsatellites, relative mutation rates have been estimated by the application of statistical models to population-genetic data (Di Rienzo et al. 1994; Chakraborty et al. 1997) . However, those estimates rely on a number of assumptions, rather than on true data (such as effective population size or population separation time). Thus, absolute mu-᭧ 2000 by The American Society of Human Genetics. All rights reserved. 0002-9297/2000/6605-0013$02.00 tation-rate estimates as revealed by either direct observations of mutations in families (Weber and Wong 1993; Talbot et al. 1995; Brinkmann et al. 1998; or single sperm cells (Zhang et al. 1994) provide values that are more accurate. In these studies, absolute-mutation-rate estimates in the range of 10 Ϫ2 to 10 Ϫ4 have been reported for autosomal microsatellites.
In contrast to autosomal microsatellites, there are few studies estimating Y-chromosomal microsatellite mutation rates. Heyer et al. (1997) analyzed nine loci in descendants of multigenerational pedigrees, covering 213 meioses, and found four mutations, for an average mutation-rate estimate of . When multige-Ϫ3 2.1 # 10 nerational pedigrees are used, the question of nonpaternity versus mutation cannot be completely resolved, since only remote descendants in the male lineages are analyzed. Thus, the direct analysis of father/son pairs with confirmed paternity is the method of choice for estimation of Y-chromosomal microsatellite mutation rates. In a previous study, we calculated, for the single microsatellite locus DYS19, a rate of (95% Ϫ3 3.19 # 10 CI ), on the basis of 626 meioses (Kay-Ϫ3 0.41-6.7 # 10 ser et al. 1997 ). In the present study, we provide data on 14 germline mutational events from 4,999 meioses at 15 Y-chromosomal microsatellite loci, revealed by direct observation, in father/son pairs with confirmed paternity. We have estimated locus-specific and average mutation rates, have determined the sequence of mutated and mutant alleles, and have compared this information to that from previous studies on autosomal microsatellites.
Material and Methods

Samples and Analysis Used for Paternity Testing
Blood samples submitted for routine paternity testing in Germany and Poland were included in this study. Paternity testing was performed by analysis of several types and numbers of genetic markers, including blood-group and enzyme polymorphisms, microsatellites, minisatellites, and/or HLA polymorphisms. Only those father/son pairs for which the biological paternity of the alleged father was confirmed with a probability of у99.9% were used for Y-chromosomal mutation studies. In two father/son pairs, a total of 40 autosomal tetranucleotide microsatellite loci were analyzed. (Detailed information about genetic markers and typing methods used for paternity testing are available on request from the corresponding author.)
Y-Chromosomal DNA Analysis
The Y-chromosomal microsatellites used were DYS19, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393, DYS385a/b, YCAIa/b, YCAIIa/b, and DYS413a/b (or YCAIIIa/b), which were typed as described elsewhere . Standardization of microsatellite-allele sizing, between different labs, was assured by use of either sequenced allelic ladders or control DNA samples. Mutations were identified as allelic differences between father and son and were confirmed by additional typing and by DNA sequence analysis. Sequence analysis was performed on both DNA strands by use of the SequiTherm Cycle Sequencing Kit (Epicentre Technologies) and an A.L.F.express automated DNA sequencer (Pharmacia Biotech), after strand separation by the Dynabead system (Dynal). Alternatively, the PRISM Ready Reaction Dye Terminator or ABI PRISM BigDye Reaction Terminator Cycle Sequencing Kit and an ABI PRISM DNA-Sequencer 373 or 377 (PE Biosystems) were used. Published primers were used for PCR and sequencing, except for DYS389 and DYS413. For DYS389, the primers used for PCR and for sequence analysis were as follows: primer 1, 5 -TCATCTGTATTATCTATGTGTG-3 ; and primer 2, 5 -CCAGACATTGCCAAGTGTTACTTG-3 . The PCR conditions as follows: 25-ml volume with 2.5 ml of buffer (Promega), 0.5 ml of 2.5 mM of 10 # PCR each dNTP (Boehringer-Mannheim), 1.5 ml of 25 mM MgCl 2 , 1 ml of 10 mM of each primer, 1 U of Taq polymerase (Promega), and 50-200 ng of DNA; and 30 cycles of 30 s at 94ЊC, 30 s at 54ЊC, and 45 s at 72ЊC, in a Thermocycler PTC 100 (MJ Research). For PCR and sequencing of locus DYS413, the following primers, based on the published sequence (Malaspina et al. 1997) , were used to amplify the Y chromosome-specific but not the X chromosome-specific loci: primer 1, 5 -AATGTGTGAGCCAATTGTTTAGAA-3 ; and primer 2, 5 -TCAGAGAAGGAGAAACTAAACCAAA-3 . The PCR conditions were the same as those used for DYS389, except that the annealing temperature was 61ЊC. DNA sequence analysis for DYS413 was done either directly from PCR products or after cloning of the PCR product by the TOPO TA Cloning Kit (Invitrogene).
Statistical Analysis
The probability of paternity was calculated separately for single-locus systems (Essen-Mö ller 1938) and for multilocus DNA-fingerprint data (Krawczak and Bockel 1992) . Mutation rates were estimated as the number of mutations, divided by the number of meioses analyzed. The 95% Poisson confidence interval (CI) was calculated as described elsewhere (Heyer et al. 1997) . Binomial probabilities comparing the number of repeat gains versus loss, the number of observed mutation events in tetranucleotide-versus dinucleotide-repeat microsatellites, and different mutation-frequency estimates were calculated by use of an exact test comparing two binomial probabilities, as implemented in StatXact (Cytel Software). In each case, the binomial probability indicates whether the different values deviate significantly from the null hypothesis of a 1:1 ratio. Statistical significance of correlation coefficients from comparison of the number of repeats and mutation rates, as well as length differences in mutated and nonmutated alleles, were calculated by a t-test. Statistical significance for the number of nonmutated and mutated alleles being either (a) longer than or equal to 11 repeats or (b) shorter than 11 repeats was calculated by a x 2 test. The probability (P k,n ) that, during a single meiosis, уk of n loci undergo a mutation with mutation rate m is that of a binomial distribution,
whereas the probability (P m,k,n ) that none of m meioses shows a mutation at уk of n loci is .
The ages of the fathers with mutations and of those without mutations were compared by a nonparametric Mann-Whitney U rank-sum test. 12-17 )(AAGG) 6 (GAAA) 12 )(AAGG) 6 (GAAA) 16r17 e,f ) Gain One 99.999998 (10) DYS385a/b 11-14 11-15 )(AAGG) 6 (GAAA) 11 )(AAGG) 6 (GAAA) 14r15 e,f ) Gain One 99.99999993 (15) a Repetitive sequence structure gives the total number of repeats; mutated repeats are denoted by arrows (r), and an ellipsis ()) denotes the interspersed and surrounding single-copy sequence; the asterisks (*) denote two mutations found in one father/son pair, and the daggers ( †) denote two mutations found in another father/son pair. Allele nomenclature according to Kayser et al. (1997) is indicated by the underlined repeats.
b SLS = single-locus systems such as blood group/enzyme polymorphisms, HLA polymorphisms, microsatellites, and VNTRs; MLS = multilocus systems/multilocus DNA fingerprint analysis.
c Mutations that we have reported elsewhere ) but whose mutational characteristics, including sequences, have been determined in the present study. d Excludes DYS389I. e The mutational explanation given here and in the text assumes that alleles found in the father and the son are identical by descent. f Not confirmed by sequence analysis, because of lack of DNA; the sequence was deduced from the fragment length, as described in the text.
Results
Mutation-Rate Estimates for Y-Chromosomal Microsatellites
We analyzed a total of 4,999 male germline transmission events, in confirmed father/son pairs, at eight Ychromosomal tetranucleotide microsatellites (DYS19, DYS389I, DYS389II, DYS390, DYS391, DYS393, DYS385a/b), one trinucleotide microsatellite (DYS392), and six dinucleotide microsatellites (YCAIa/b, YCAIIa/ b, and DYS413a/b). In this survey we observed 14 mutations, including 5 that we had reported elsewhere ) (table 1). In the families in which mutations were identified, paternity was assured, with probabilities of 99.999998%-99.9999999999%, by analysis of 10-33 genetic markers (table 1) . The locusspecific mutation-rate estimates were (ta-Ϫ3 0-8.58 # 10 ble 2). The average tetranucleotide mutation rate across 8 loci was (95% CI ); the
Ϫ3 Ϫ3
3.17 # 10 1.89-4.94 # 10 average dinucleotide mutation rate across 6 loci was (95% CI ); and the Ϫ3 Ϫ3
2.04 # 10 0.06-10.93 # 10 overall average mutation rate across all 15 loci studied was (95% CI ) (table 2) .
2.80 # 10 1.72-4.27 # 10
Characteristics of Y-Chromosomal Microsatellite Mutations
Of the 14 mutations identified, a 10:4 ratio of gains versus losses of microsatellite repeats ( ), as well P = .09 as a 13:1 ratio of mutations involving a single-repeat change versus a double-repeat change, was observed (table 1).
For further characterization of the mutations, the father/son nucleotide sequences involved in each mutation event were determined. In all 14 cases, the premutation allele size consisted of uninterrupted arrays of у11 repeats that are completely homogeneous in size and sequence (table 1) . However, when, across all tetranucleotide loci, the number of nonmutated and mutated alleles with у11 homogeneous repeats is compared with those with !11 homogeneous repeats, the difference is not statistically significant. Of the loci analyzed, at least seven (DYS19, DYS385a/b, DYS389I, DYS389II, DYS390, and DYS391) are compound microsatellites, containing more than one type of repeat. The majority of mutations (13 of 14) were observed at these compound microsatellites (tables 1 and 2) and occurred al-
Figure 1
Comparison of mean total number of repeats, between nonmutated alleles and mutant alleles (postmutation allele size), for Y-chromosomal microsatellite loci. ways in the longest array of homogeneous repeats (table  1) . Comparing, for all seven mutated microsatellites, the mean number of uninterrupted repeats of all mutant alleles (postmutation allele size) versus that of all nonmutated alleles, we found that the mutant alleles are longer at four loci (DYS385a/b, DYS389II, DYS390, and DYS391), the same mean length at two loci (DYS19 and DYS389I), and shorter at one locus (DYS413a/b) ( fig. 1) .
The mutations always occurred in either the most common alleles or alleles longer than the most common one (fig. 2) . A comparison of the mean repeat length of nonmutated and mutated alleles (premutation allele size), across the tetranucleotide microsatellite loci analyzed here, revealed that the mutated alleles were always longer, when both homogeneous and total repeats (with and without DYS390) were considered, but the differences were not statistically significant. Comparison of the mean number of repeats (premutation allele size) versus the mutation rate for each locus revealed no significant correlation when only the number of homogeneous repeats was considered but revealed a positive significant correlation when the total number of tetranucleotide repeats was considered (correlation coeffi-cient .73). However, when DYS390 was removed from the analysis, the correlation was no longer statistically significant.
For the 12 males with a mutation, the father's age at the birth of the son was 17-40 years, with an average age of years; for the fathers without a mu-25.9 ‫ע‬ 7.0
Figure 2
Allele frequencies for Y-chromosomal microsatellites at which mutations were observed. Hatched bars denote a Polish population sample ( ), and black bars denote a German population sample ( ), which were used for family analysis. Arrows indicate mutational n = 121 n = 279 events. The beginning and end of the arrow is centered over the relevant population. For the duplicated loci DYS413a/b and DYS385a/b, combined allele frequencies are given; for DYS413a/b, allele frequencies are based on data for 77 Germans. The Y-axis indicates allele frequencies, and the X-axis indicates alleles, in terms of number of repeats (nomenclature is according to Kayser et al. [1997] -with the exception of DYS389II, which now excludes variability at DYS389I). tation, the average age at the birth of the son was years, which was calculated from data on 28.9 ‫ע‬ 8.4 351 fathers and which covers 66.7% of all the meioses studied. Both groups deviated from a normal distribution; a nonparametric test showed that the age difference between the groups was not significant ( ). P = .215
Multiple Y-Chromosomal Microsatellite Mutations within the Same Germline Transmissions
A total of 415 father/son pairs were analyzed at the same nine loci (DYS19, DYS385a/b, DYS389I, DYS389II, DYS390, DYS391, DYS392, and DYS393). In one father/son pair, mutations at two loci (DYS390 and DYS389) were identified (table 1). The probability P of two mutations in one meiosis, when 415 meioses are screened for these nine loci (which have an average mutation rate of ), is . Thus, these Ϫ3 2.88 # 10 P = .11 two mutations within a single transmission are not unexpected, given our mutation-rate estimate. In another father/son pair, mutations at two loci (DYS390 and DYS413) were found when an additional six dinucleotide microsatellites (YCAIa/b, YCAIIa/b, and DYS413a/ b) in a subset of 50 father/son pairs were analyzed (table  1) . Here the probability is just barely statistically significant ( ); however, the low number of meioses P = .04 typed for the entire set of 15 markers makes meaningful statistical interpretation critical.
To investigate whether there is a general microsatellite instability in the two families in each of which there were two mutations observed, we analyzed 40 autosomal microsatellites from around the genome. No mutations were observed, whereas the chance of at least one mutation at those 40 loci would be 195% if the autosomal microsatellite mutation rate were to be elevated by a factor of у25.
Discussion
In this study we used family data covering 4,999 meioses obtained at 15 loci, to estimate Y-chromosomal microsatellite mutation rates. The resulting figures were 0for locus-specific rates, (95% 2.80 # 10 1.72-4.27 # 10 15 loci studied. For a subset of seven of the loci used here, Heyer et al. (1997) analyzed descendants of 12 multigenerational pedigrees that span р10 generations and that cover 213 meioses. They identified four mutations and estimated the average mutation rates to be (95% CI ) and
Ϫ3
Ϫ3 Ϫ3 2.0 # 10 0.05-5.5 # 10 2.1 # 10 (95% CI ), across nine tri-, tetra-, and Ϫ3 0.6-4.9 # 10 pentanucleotide loci studied. Since paternity cannot be established within such multigenerational pedigrees, descendants with more than one allelic difference at Ychromosomal microsatellites were assumed to reflect nonpaternity and therefore were excluded. Further indication of nonpaternity of those descendants has been reported recently in Jobling et al.'s (1999) A second study, by Bianchi et al. (1998) , estimated mutation rates for seven of the Y microsatellites used here, via direct observation using cell lines from families. A disadvantage of the use of cell lines for mutation studies is the difficulty in differentiating between somatic mutations produced by the cell-line propagation and true germline mutations that have occurred in the donor individual. Bianchi et al. (1998) observed two mutations but attributed these to somatic events and concluded that no germline mutations occurred in 1,743 meioses. This result is not significantly different from the average mutation rate of that we ob-Ϫ3 3.09 # 10 tained for the same loci ( ). P = .22 When, for the same nine Y-chromosomal microsatellites (DYS19, DYS385a/b, DYS389I, DYS389II, DYS390, DYS391, DYS392, and DYS393), all data from the present study and from the Heyer et al. (1997) and Bianchi et al. (1998) 
Comparison of Mutational Characteristics at Y-Chromosomal and Autosomal Microsatellites
Recently, three studies have reported autosomal microsatellite mutation rate estimates based on large family data sets. The average rates are , on the basis Ϫ3 2.1 # 10 of 10,844 meioses at 9 loci (Brinkmann et al. 1998) ;
, on the basis of 6,228 meioses at 13 loci Ϫ3 2.7 # 10 (Henke and Henke 1999); and on the basis Ϫ3 0.6 # 10 of 16.455 meioses at 5 loci . Comparison of these average mutation rates for autosomal microsatellites to the average mutation rate Ϫ3 2.8 # 10 for Y-chromosomal microsatellite, which has been observed in the present study, reveals no significant differences ( for largest difference to the estimate from P = .15 Sajantila et al.) .
For the Y-chromosomal microsatellites studied here, we obtained a higher average mutation rate for tetranucleotide versus dinucleotide microsatellites, but the difference is not significant ( ). However, more loci P = .73 (8 vs. 6) and many more meioses (4,094 vs. 490) were studied at tetranucleotide versus dinucleotide microsatellites. Thus, reliable conclusions concerning the size of the repeat and the mutation rate at Y-chromosomal microsatellites are premature. Higher mutation rates for tetra-versus dinucleotide repeats also were observed for autosomal microsatellites, by family analysis (Weber and Wong 1993) , but the opposite was revealed by an indirect approach studying microsatellite variability in various populations (Chakraborty et al. 1997 ). However, the latter approach might be influenced by differences in parameters other than the mutation rate, such as range constraints.
In this study, most of the Y-chromosomal mutations were observed at compound microsatellites (i.e., those containing more than one type of repeat), and all loci with no mutations were simple microsatellites (i.e., contained only one type of repeat). Within the tetranucleotide loci, all 13 mutation were found at the compound microsatellites ( , 95% CI Ϫ3 m = 3.53 # 10 2.11-5.49 # ), and no mutation was observed at simple micro-Ϫ3 10 satellites (95% upper CI ); but the difference Ϫ3 8.86 # 10 is not statistically significant ( ). However, more P = .43 loci (7 vs. 1) and many more meioses (3,679 vs. 415) were studied at compound than at simple tetranucleotide microsatellites.
Of the 14 Y-chromosomal microsatellite mutations described here, 12 were confirmed by sequence analysis. For the two mutations, at DYS385a/b, that, because of the lack of DNA, could not be confirmed by sequence analysis, the number of repeats was deduced from the fragment lengths, by use of sequenced allelic ladders and the repeat nomenclature from Schneider et al. (1998) . All of the mutations occurred at uninterrupted arrays of у11 complete homogeneous repeats. Sequence analysis of the four Y-chromosomal microsatellite mutations reported by Heyer et al. (1997) revealed that those mutations occurred in uninterrupted arrays of у10 complete homogeneous repeats (data not shown). Similarly, all of the 23 autosomal microsatellite mutations identified by Brinkmann et al. (1998) were observed in uninterrupted arrays of 110 complete homogeneous repeats. On the basis of the combined data, it can be postulated that the probability that human autosomal and Y-chromosomal microsatellites will mutate increases when the length of the array of uninterrupted homogeneous repeats accumulates, with the threshold possibly being ∼10 repeats. However, more data are needed to rule out the possibility that this might simply reflect that alleles with !10 homogeneous repeats are rare.
Various tests showed that the number of homogenous repeats was not correlated with mutation rate, either within or across the tetranucleotide loci analyzed here. Since all of the mutations at tetranucleotide microsatellites occurred at compound loci, we also examined the relationship between the total number of repeats and the mutation rate. A significantly positive correlation was found, but elimination of DYS390 (which has both the highest number of total tetranucleotide repeats and the highest mutation rate) also eliminated the significance of the correlation. For the homogenous repeats, the mean length of DYS390 was within the range of all other tetranucleotide loci studied. Thus, the higher mutation rate of DYS390 could be caused by the long stretch of total tetranucleotide repeats, but it also could be due to other factors. For autosomal microsatellites, higher mutation rates were found at compound microsatellites, but these also showed the highest number of homogeneous repeats, and a positive correlation between the mean length of homogenous repeats and the mutation rate was observed (Brinkmann et al. 1998 ). Increased mutation rates for longer autosomal microsatellite alleles have been reported on the basis of direct observations in yeast (Wierdl et al. 1997 ), Drosophila (Schlö tterer et al. 1998 , and, indirectly, from phylogenetic analysis in both human and Drosophila (Goldstein and Clark 1995) populations.
Our data on Y-chromosomal microsatellites provide evidence for a mutational bias in favor of microsatellite expansion: there is a 2.5-fold-higher number of mutations resulting in a repeat gain versus a repeat loss; and, at four of seven loci, a higher mean repeat number in mutant alleles versus nonmutated alleles. Evidence suggestive of length increase also has been detected, by application of a Markov chain Monte Carlo analysis to haplotype data on five of the Y-chromosomal microsatellites used here (Cooper et al. 1999) , and directional evolution has been postulated on the basis of comparison of autosomal microsatellites in human and primates , al-though ascertainment bias may account for the latter (Ellegren et al. 1995; Cooper et al. 1998 ). However, two large family studies of autosomal microsatellites do show a slightly higher (but not significant) number of losses versus gains of repeats due to mutation (Brinkmann et al. 1998; Sajantila et al. 1999 ).
Among the 14 Y-chromosomal microsatellite mutations, we observed 13 single-step changes and 1 doublestep change (DYS413a/b). Most mutations at autosomal microsatellites also have been found to be single-step mutations (Weber and Wong 1993; Brinkmann et al. 1998) . These data are consistent with the stepwise-mutation model (Ohta and Kimura 1973) for microsatellite evolution (Valdes 1993) , which assumes that mutations cause an increase or decrease, by 1, in repeat number. Our data do not provide direct proof that DNA-strand or polymerase slippage during replication is the major source of microsatellite mutations (Byrd et al. 1965; Schlö tterer and Tautz 1992) , but the bias in favor of single-repeat changes, as observed here, does support this hypothesis.
Overall, Y-chromosomal microsatellite mutational characteristics and mutation-rate estimates obtained from father/son-pair analysis are in agreement with family data from autosomal microsatellites. This represents further evidence that the general mutational mechanism of microsatellites is likely to be independent of recombination, an inference that also has been suggested elsewhere (Heyer et al. 1997) .
Consequences for Forensic and Anthropological Studies
Y-chromosomal microsatellites are especially useful in paternity testing of deficiency cases, which involve a deceased alleged father and a male child, because characterization of the genotype of the deceased alleged father can be replaced by the analysis of any of his living paternal relatives (Kayser et al. 1998 ). Mutation-rate estimates are necessary in such paternity testing, to assess the possibility of a potential false exclusion. In particular, multiple mutations within a single germline transmission, as has been observed in two instances here, can be misinterpreted as false exclusion of paternity. Although observations of multiple mutations are rare in the literature, they are occasionally observed in paternity-testing laboratories. To the best of our knowledge, only one study has reported multiple mutations in a single case, and that involved 2 of 12 autosomal microsatellites (Gunn et al. 1997) . One reason why this phenomenon is rarely recognized in mutation surveys might be that screening for microsatellite mutations is often performed with pooling of single-locus data from a large number of families, rather than by analysis of a large number of loci in the same families. Clearly, only the latter ap-proach allows the detection of multiple mutations. Thus, a clear consequence of observations of multiple mutations in the same germline is the necessity to define more carefully the criteria for exclusions in paternity testing. The definition should take into account the number and types of loci used, as well as the known mutation-rate estimates for the loci.
Another mutational feature of Y-chromosomal microsatellites that has consequences for data interpretation in forensic-case analysis is the duplication or triplication of a larger Y-chromosomal region that includes the microsatellite locus, followed by a change in the number of repeats within the microsatellite. In the present study, we observed one father/son pair with three instead of two male-specific alleles at DYS385, and additional cases of multiple alleles, at DYS19, DYS390 and DYS391, have been reported elsewhere (Santos et al. 1996a (Santos et al. , 1996b Kayser et al. 1997; Redd et al. 1997; L.R., unpublished data) . In forensic-case analysis, additional alleles are normally interpreted as mixed profiles and, thus, will lead to incorrect conclusions. Therefore, knowledge of the frequency of such events is of interest for forensic laboratories. At DYS19, we have counted nine duplications in 7,772 individuals M. Thomas and N. Bradman, personal communication) , revealing a frequency of 0.12% (which does not include those samples in which a common ancestry of the duplication has been revealed by haplotype studies). However, recent duplication events in which the number of repeats is still the same at both loci remain undetected in fragment-length analysis. These observations might reflect the more general tendency of Y-chromosomal DNA to accumulate various types of repetitive sequences-as much as 40% of the euchromatic region (Foote et al. 1992 )-which has been explained by the lack of recombination (Charlesworth et al. 1994) .
In anthropological studies using Y-chromosome diversity, there is a growing interest in the application of microsatellite variability to the dating of male lineages that are identified by SNPs, in order to infer population history (Zerjal et al. 1997; Bianchi et al. 1998; Lahermo et al. 1999; Ruiz-Linares et al. 1999 ). These dating methods depend on reliable estimates of locus-specific mutation rates, and the resulting dates can change drastically when unreliable mutation-rate estimates are used, as has been shown by Heyer et al. (1997) using the data of Underhill et al. (1996) .
To conclude, this study has presented the largest extant data set of family material used for estimation of mutation rates at Y-chromosomal microsatellites. The major conclusion is that mutation-rate estimates and mutational characteristics of microsatellites are similar in the male sex chromosome versus the autosomes, which suggests that the mutational mechanism for microsatellites in general is independent from recombina-tion. The data also have consequences for forensic casework and molecular anthropology. However, in order to further increase the reliability of the mutation-rate estimates and better understand the underlying mutational mechanism and the relationship between the mutation rate and repeat size, homogeneity, and number, more family analyses or large-scale single-sperm analysis at Y-chromosomal microsatellites should be performed.
